Although naloxone has been documented to exert neuroprotection in animal model of cerebral ischemia, the mechanism is not well understood. In this present study we investigated whether naloxone affected the mitochondrial apoptotic pathway in ischemic brain injury of rats. SD rats were subjected to a permanent middle cerebral artery occlusion surgery, and received naloxone (0.5, 1, 2 mg/kg, i.v.) immediately after ischemia. Neurological deficits were evaluated 24 h after ischemia using the McGraw Stroke Index, and then the rats were killed, and the brains were collected for further analyses. We show that naloxone treatment dosedependently decreased the infarction volume and morphological injury, improved motor behavioral function, and markedly curtailed brain edema. Furthermore, naloxone administration significantly inhibited the nuclear translocation of NF-κB p65 and decreased the levels of nuclear NF-κB p65 in the ischemic penumbra. Naloxone administration also dose-dependently increased the NF-κB inhibitory protein (IκBα) levels and attenuated phosphorylated NIK and IKKα levels in the ischemic penumbra. In addition, naloxone administration dose-dependently increased Bcl-2 levels, decreased Bax levels, stabilized the mitochondrial transmembrane potential, and inhibited cytochrome c release and caspase 3 and caspase 9 activation. These results indicate that the neuroprotective effects of naloxone against ischemic brain injury involve the inhibition of NF-κB activation via the suppression of the NIK/IKKα/IκBα pathway and the obstruction of the mitochondrial apoptotic pathway in neurons.
INTRODUCTION
Ischemic stroke is one of the most common causes of mortality and morbidity worldwide [1] . It has been proposed that brain cells experience a dramatic reduction in blood supply during an ischemic stroke; this reduction diminishes their access to oxygen and glucose and induces the pathophysiological features of damaged cells, thereby promoting necrotic cell death [2] [3] [4] . The neuronal apoptosis effects of cerebral ischemia are now widely recognized and better understood [3, 5] . The ischemic penumbra, located on the periphery of the necrotic core, is rendered functionally silent by reduced blood flow but remains metabolically active [3, 6] . Neural cells in the ischemic penumbra will not undergo apoptosis until several hours or days later, creating a window of opportunity for recovery via post-stroke therapy [3] . We and other laboratories have found that inhibiting neuronal apoptosis may provide effective preventive or therapeutic interventions to mitigate ischemic brain injuries [5, 7] .
Naloxone is an opioid receptor antagonist found to confer neuroprotective effects in animal models of focal brain ischemia; however, its mechanisms of action are obscure [4, 8, 9] . The administration of naloxone minimizes ischemic brain injuries by improving cerebral blood flow, reducing seizure activity, and enhancing survival rates [10] . Naloxone significantly increased microtubule-associated protein 2 (MAP-2) accumulation and reduced post-ischemic neuronal loss, astrogliosis, inflammatory cell infiltration, and cytokine/chemokine production [4] . A better understanding of the mechanisms of these effects may eventually lead to the discovery of a new pharmacological action of naloxone that will allow viable clinical translation. Using a rat model of permanent middle cerebral artery occlusion (pMCAO)-induced focal cerebral ischemia, we explored this possibility by investigating nuclear factor (NF)-κB signaling in neural cells.
A wide range of stimuli can activate NF-κB, and more than 100 genes are induced upon its activation [11] . Two distinct and evolutionarily conserved NF-κB signaling pathways have been described [12] . The canonical NF-κB pathway is normally triggered by numerous stimuli, including microbial stressors, viral infections, and cytokines. NF-κB activation occurs primarily through the IκB kinase (IKK) complex, which is composed of catalytic (IKKα and IKKβ) and regulatory (IKKγ) subunits; this complex phosphorylates the NF-κB inhibitory protein (IκBα), thereby triggering its ubiquitination and proteasomal degradation. NF-κB dimers, predominantly p50/p65 and p50/c-Rel, are thus liberated and translocated to the nucleus where they modulate the transcriptional activation of several hundred target genes [13] . Activation of the noncanonical NF-κB pathway involves different signaling molecules and leads to the selective activation of IKKα homodimers by the upstream NF-κB-inducing kinase (NIK), followed by the phosphorylation of the p100/NF-κB2 protein associated with RelB, which then becomes p52/NF-κB2 through proteolytic processing and forms a complex in conjunction with RelB. These p52/RelB dimers enter the nucleus and prompt the transcription of distinct sets of target genes to mediate different biological functions [14] .
The involvement of NF-κB pathway activation in cerebral ischemia and neuronal cell death is well established [13] . In mice and human brain samples after ischemic stroke, the nuclear translocation of RelA can also be observed in the areas surrounding the necrotic infarct core [13, 15] . Activated NF-κB was detected in neurons after cerebral ischemia. However, interception using NF-κB inhibitors resulted in reduced infarct sizes and apoptotic cell counts [5, 15] . The ischemic effect is related to the known ability of NF-κB to activate genes with products that mediate these detrimental outcomes, implying an instrumental role of NF-κB in ischemic damage; [13] these findings support NF-κB inhibition as a useful strategy for ischemic stroke therapy [13, 15] . Here, we modified an experimental rat ischemic stroke model and demonstrated that the naloxone-mediated neuroprotective effects against cerebral ischemic brain injury are associated with the inhibition of NF-κB and apoptosis in neuronal cells.
MATERIALS AND METHODS
Photothrombosis model and treatments Sprague Dawley (SD) male rats weighing 280-300 g were purchased from the Center for Experimental Animals, Tongji University. All animal experiments were carried out according to protocols approved by the Tongji University Ethics Committee in accordance with the NIH (National Institutes of Health) Guidelines for the Care and Use of Laboratory Animals. pMCAO was induced in the rats as previously described [16] . Briefly, the rats were anesthetized with 4% chloral hydrate by intraperitoneal injection. The rectal temperature was maintained at 37 ± 0.5°C via a temperature-regulated heating pad. A 4-0 nylon monofilament with a heat-blunted end was used to permanently occlude the right MCA. Rats without neurological deficits (exhibiting flexion of the contralateral torso and forelimbs upon suspension of the whole body by the tail) following ischemia were excluded from further study. Naloxone, purchased from Beijing Kawin Technology Co., Ltd, was injected intravenously (i.v.) at a dose of 0.5-2 mg/kg immediately after pMCAO. Nimodipine, which was kindly provided by ChiaTai Qingchunbao Pharmaceutical Co., Ltd, was dissolved in alcohol at 1 mg/kg for intravenous injection immediately after ischemia. Sham-operated animals received heparinized normal saline.
Assessment of the neurological deficit score Neurological deficits were evaluated using the McGraw Stroke Index [17] . The neurological behavior of the rats was assessed 24 h after ischemia induction by an observer blind to the animal groups. This method included the following tests: spontaneous motor activity (normal, increased, decreased, absent); gait impairment (stiffness, disequilibrium, slowness of movement, disorientation); tail-flick reflex of the front and hind legs; reaction to sound; tremors; convulsions; muscle tone in the trunk and extremities (normal, increased, absent); and symptoms of ptosis (absent, onesided, two-sided). Each indicator was scored as follows: 0 point (normal); 1 point (moderately pronounced changes); and 2 points (severely pronounced changes).
Infarct volume evaluation Infarct volumes were evaluated as previously described [18] . At 24 h after ischemia, the rats were re-anesthetized with 4% chloral hydrate by intraperitoneal injection. Samples from the cerebellum, the olfactory bulb, and the remainder of the lower brain stem were rapidly extracted and sliced into 2 mm-thick coronal sections with the aid of a brain matrix. The sections were stained with a standard 2% 2,3,5-triphenyltetrazolium chloride solution (SigmaAldrich, St. Louis, MO, USA) for 30 min at 37°C, followed by overnight immersion in 4% paraformaldehyde; the sections were then photographed with a digital camera (Sony, Wuxi, Jiangsu, China). The infarct volumes were analyzed with Adobe Photoshop 8.0CS by an investigator blind to the experimental groups. Relative infarct volumes were obtained after correction for edema as follows: infarct volume = 100% × (contralateral hemisphere volume − non-infarct ipsilateral hemisphere volume)/contralateral hemisphere volume.
Evaluation of brain edema Brain edema was measured by the wet and dry weight method as described previously [19] . Briefly, the rats were killed at 24 h after ischemia, and their brains were removed to obtain the rhombencephalon and bulbus olfactorius, the wet weights of which were measured using an electronic analytic balance. The tissues were then dried in an oven at 107°C for 72 h and weighed again to obtain the dry weight. The water content of each brain was calculated using the following formula: water content = [(wet weight − dry weight)/wet weight] × 100%.
Histology and immunohistochemistry
Following the behavioral examination of each treatment group at 12 h after ischemia, the rats were decapitated to collect the brains. The brain tissues were sliced quickly into five coronary brain sections: the second section was fixed in 4% paraformaldehyde and then prepared via ethanol gradient dehydration for serial paraffin embedding before being sliced into 4 μm-thick coronal sections. After routine dewaxing, the sections were stained with hematoxylin (Boster Bioengineering Inc., Wuhan, China) for 3 min and counterstained with eosin for 3 min, followed by mounting for observation and image collection with an Olympus CX23 microscope (Olympus, Tokyo, Japan).
For immunohistochemistry analysis of the ischemic penumbra, primary antibodies (a mouse monoclonal IgG against NF-κB p65, 1:200, Santa Cruz Biotechnology) were applied to deparaffinized and rehydrated sections after antigen retrieval by microwaving for 40 min at 160 W in 0.01 M citrate buffer, pH 6.0. Primary antibody binding was detected using a DAB detection kit according to the manufacturer's recommendations (Dako, Carpinteria, CA, USA). For the TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assays, a Dead End Colorimetric TUNEL System (Promega, Madison, WI, USA) was used according to the manufacturer's recommendations.
For the immunostaining quantification of NF-κB p65 and TUNEL-positive cells, 10 microscopic fields (magnification ×400) in each section across the ischemic penumbra in the ipsilateral hemisphere were analyzed. Three sections were utilized for each animal. The number of cells with nuclear NF-κB p65 immunoreactivity and TUNEL-positive staining in each field was counted by an examiner blinded to the experimental conditions [20] .
Western blot analysis At the indicated time after ischemia, the animals were anesthetized, and the ipsilateral ischemic penumbras were dissected. The samples were homogenized in ice-cold buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM edetic acid, 1 mM phenylmethylsulfonyl fluoride, and 5 mM aprotinin) and then centrifugated at 10,000 × g and 4°C for 10 min. Total protein from the supernatant was collected and stored at −80°C. To measure cytochrome c release, the mitochondrial fraction was isolated from the total cell lysate using a mitochondria isolation kit for tissue (Pierce, Rockford, IL, USA) and used to determine cytochrome c levels. Protein concentrations were measured with Bradford assays. Western blot analyses were performed as previously described [21] . Briefly, samples were boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer for 5 min. Next, 40 μg aliquots were loaded onto 10-15% gradient precast SDS-PAGE gels and separated based on their molecular size. Prestained molecular size markers were used as molecular mass standards. The gels were then electroblotted onto polyvinylidene difluoride (PVDF) membranes. Immunodetection of the protein of interest was performed by blocking the membrane in 5% nonfat dry milk in Tris-buffered saline with Tween-20 and then adding the primary antibody at the specified dilution in blocking buffer. The PVDF membranes were then probed with horseradish peroxidase (HRP)-conjugated secondary antibodies. Antibody-antigen complexes were detected with ECL reagents (Amersham Bioscience, Buckinghamshire, UK). The primary antibodies included NF-κB (1:1000), IκBα (1:1000), cytochrome c RNA isolation and real-time PCR analysis Total RNA was isolated from the ischemic cortex using an RNeasy plus mini kit (Qiagen, Santa Clarita, CA, USA) according to the manufacturer's recommendations. The real-time PCR reaction mixtures used have been previously described [16] . Briefly, complementary DNA (cDNA) was synthesized by reverse transcription using a first-strand cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA). Real-time PCR was performed using QPCR SYBR Green Mix (Bio-Rad, Hercules, CA, USA) and an AB 7500 realtime PCR system (AB Applied Biosystems, Singapore). The following PCR primers were used: GAPDH, 5′-GTCGGTGTGAACG-GATTTG-3′ and 5′-TCCCATTCTCAGCCTTGAC-3′; Bcl-2, 5′-GGGATGC CTTTGTGGAAC-3′ and 5′-GTCTGCTGACCTCACTTG-3′; and Bax, 5′-GGACGCATCCACCAAGAAG-3′ and 5′-CTGCCACACGGAAGAAGAC-3′. The specificity of real-time PCR was verified by 'no reverse transcription' controls and melting curve analyses. Quantitative PCR results were obtained using the DDCT (cycle threshold) method. The data are normalized to the β-actin levels in each sample.
Statistical analysis
The data are presented as the mean ± SEM. Statistical analyses were performed by one-way analysis of variance. A P < 0.05 was considered statistically significant.
RESULTS
Naloxone treatment reduced ischemia-induced motor deficits and brain injury in pMCAO rat models To assess the therapeutic potential of naloxone, the pMCAO model was utilized in SD rats. Naloxone was injected i.v. immediately after ischemic onset. Nimodipine was used as a positive control. Permanent MCAO in rats resulted in significant motor deficits, as measured by the neurological deficit score, 24 h after ischemic insult (Fig. 1a) . Compared to that in the model group, motor recovery was significantly improved by naloxone treatment in a dose-dependent manner at 24 h following pMCAO (Fig. 1a) . To correlate changes in motor deficits to brain injury, we next detected the infarct volume in the brain after focal cerebral ischemia. The infarct volume was significantly lower in the group treated with naloxone than in the model group (Fig. 1b, c) , in addition to markedly decreased brain edema (Fig. 1d) .
Further confirmation of the therapeutic potential of naloxone for treating cerebral ischemia was conducted, beginning again with the pMCAO model of SD rats injected i.v. with naloxone immediately after ischemic onset. Paraffin-embedded brain sections obtained thereafter underwent microscopic examinations to determine histopathological changes. In the sham group, the morphology of the neurons in the cortex showed intact features, including clearly dyed nuclei and cytoplasm, and the distribution of the neurons was normal (Fig. 2) . In the pMCAO model of SD rats, however, obvious severe brain damage to the ipsilateral hemisphere of the penumbra cortex, including neuronal loss, karyopyknosis, and neuron vacuolization, was observed (Fig. 2) . Upon naloxone administration, the pMCAO rats exhibited various degrees of recovery according to the penumbra cortex morphology; this recovery was evidenced by less neuronal loss compared to the model group, an increase in the number of normal neurons, and the diminution of vacuolization (Fig. 2) .
Naloxone inhibits NF-κB activation by blocking the nuclear translocation of NF-κB p65 To elucidate the mechanisms of the neuroprotective effect of naloxone, we first compared the nuclear localization of the NF-κB subunit p65 in the dissected brains of rats treated with or without naloxone at 12 h after ischemia. Immunohistochemistry analyses showed that focal ischemia significantly induced the expression of the NF-κB subunit p65, which occurred predominantly in the nuclei of cortical cells (Fig. 3a, b) . In contrast, the administration of naloxone to pMCAO rats resulted in a significant decrease in the proportion of cells positive for nuclear NF-κB p65 (Fig. 3a, b) . This result was confirmed by immunoblot analyses for NF-κB p65 expression, the level of which was generally lower in naloxonetreated pMCAO rat cortical nuclear lysates (Fig. 3c, d) . Additionally, cerebral ischemia led to increased expression levels of the NF-κB target gene c-Myc in isolated cortical cells, whereas a remarkable decrease in the expression levels was observed in the ischemic penumbra after naloxone treatment (Fig. 3e) . Therefore, naloxone functions to block the nuclear translocation of NF-κB p65 in penumbra cortical cells, thus preventing the activation of NF-κB.
Next, we investigated whether the naloxone-induced inactivation of NF-κB in penumbra cortical cells was due to an upstream effect on the NF-κB signaling pathway. pMCAO rats were established as above, and the rats were killed 12 h after the administration of naloxone. The ischemic penumbra was lysed and analyzed by immunoblotting. The expression of IκBα was strongly downregulated in the penumbra 12 h after ischemia (Fig. 4a, b) . Conversely, naloxone administration considerably increased IκBα levels in a dose-dependent manner (Fig. 4a, b) . We found that the expression of phosphorylated IKKα (p-IKKα), an inducer of IκBα degradation, correlated with the NF-κB activation status of the cells, which was high in the ischemic penumbra but low in the penumbra from naloxone-treated rats (Fig. 4a, c) . We also found that IKKβ, another enzymatic subunit of IKK, was activated by cerebral ischemia. With naloxone treatment, immunoblot analyses showed that IKKβ was efficiently reduced in the penumbra (Fig. 4a, d ). We used Western blotting to determine the expression of phosphorylated NIK (p-NIK), an important upstream kinase involved in the phosphorylation/activation of IKK, in the ischemic penumbra of pMCAO rats that were treated with either naloxone or phosphate-buffered saline. We found that naloxone administration significantly reduced the protein levels of p-NIK in the ischemic penumbra in a dose-dependent manner (Fig. 4a, e) . These results indicated that the NIK/IKKα/IκBα pathway is involved in the inhibition of NF-κB activation, subsequent to naloxone treatment. Fig. 2 Effect of naloxone on the histomorphology of brain tissue in pMCAO rats. Representative photomicrographs showing the histology in the ischemic penumbra in pMCAO rats. Scale bar = 50 μm Fig. 1 Effect of naloxone on ischemia-induced motor deficits and brain injury in rats. a Motor deficits measured 24 h after ischemic insult. Nimodipine was used as a positive control. b Representative photographs of coronal sections with 2% 2,3,5-triphenyltetrazolium chloride staining at 24 h after ischemia in the sham, model, nimodipine, and naloxone rat groups. The white regions are defined as infarct regions. c Quantitative analysis of the total lesion volume in the rat brains. d Water content measured 24 h after ischemic insult. The columns and bars represent the mean ± SEM; n = 8; * P < 0.05; ** P < 0.01; *** P < 0.001. ns not significant P < 0.01; *** P < 0.001. c Western blot analysis of NF-κB p65 in the nuclear lysates from the ischemic penumbra after pMCAO. The expression of H3 was used as an internal protein loading control. d Quantitative analysis of the changes in NF-κB p65 protein levels in the nuclei from the ischemic penumbra. The data are normalized to the loading control H3 and are expressed as a percentage of the levels in sham-operated animals. The results are the mean ± SEM; n = 3; * P < 0.05; ** P < 0.01; *** P < 0.001. e Real-time PCR analysis of c-Myc mRNA expression levels in the ischemic penumbra. The data are normalized to the loading control GAPDH and are expressed as a percentage of the levels in sham-operated animals (mean ± SEM, n = 3); *** P < 0.001. ns not significant Naloxone inhibits ischemia-induced apoptosis in the penumbra through inactivating the mitochondrial pathway Cerebral ischemia is known to activate the apoptosis signaling pathway [2, 3] . Indeed, ischemia led to a marked induction of cellular apoptosis in the penumbra of pMCAO rats (Fig. 5a, b) . We observed that naloxone significantly reduced the apoptotic response of the ischemic penumbra in a dose-dependent manner (Fig. 5a, b) . It has been reported that the Bcl-2 family of proteins regulates apoptosis by controlling mitochondrial permeability [22] . We measured the messenger RNA (mRNA) expression levels of the antiapoptotic protein Bcl-2 and the proapoptotic protein Bax in the ischemic penumbra by real-time PCR, which revealed that ischemia downregulated Bcl-2 expression while upregulating Bax expression (Fig. 5c, d) . pMCAO rats treated with naloxone exhibited an increase in Bcl-2 mRNA levels and a decrease in Bax mRNA levels, which resulted in a higher Bcl-2/Bax ratio ( Fig. 5c-e) .
Mitochondrial apoptotic pathway initiation requires cytochrome c, a well-conserved electron transport protein normally present in the mitochondrial intermembrane space, to be released into the cytosol [23] . We observed increased cytochrome c release from the mitochondria to the cytosol in the penumbra after cerebral ischemia, whereas cytochrome c release in the mitochondria was significantly inhibited after naloxone treatment in a dosedependent manner (Fig. 6a-d) . We also noted the upregulation of cleaved caspases 3 and 9 in the penumbra of pMCAO rats; this upregulation is a key event downstream of the mitochondrial apoptotic pathway [24] . Accordingly, the administration of naloxone during cerebral ischemia attenuated cleaved caspase 3 and 9 levels in the penumbra (Fig. 6e-g ). We also analyzed the protein expression of XIAP, the most potent natural cellular inhibitor of caspases; [25, 26] a large reduction in XIAP protein expression levels in the ischemic penumbra of pMCAO rats was observed, whereas the administration of naloxone caused a modest increase in XIAP protein levels (Fig. 6e, h) . Thus, naloxone can influence the ultimate course of mitochondrial apoptosis if administered during the early stages of ischemic onset, thereby imparting neuroprotection.
DISCUSSION
In the present study, we used an experimental murine acute ischemic stroke model to investigate the mechanism of naloxone, an opioid receptor antagonist that can block apoptosis in neural cells, to yield a neuroprotective effect. It has been reported that post-conditioning with naloxone can reduce infarct sizes and protect against neuronal damage induced by focal cerebral ischemia in rats [9] . However, very little is known about the proximal signals that are responsible for the effects of naloxone in the context of cerebral ischemic insult. Our results indicate that the major signaling pathway responsible for the neuroprotective effect of naloxone is NF-κB. Although NF-κB has been reported to regulate the expression of multiple genes that play key roles in cell survival or apoptosis, NF-κB does not act as a cell survival mediator in this model of pMCAO; instead, it is responsible for increased cell death [13, 27] . Activated NF-κB was detected in neurons and glia, which may account for the ischemia-induced neuronal injury [16] . Interference with NF-κB activation in neurons has been reported to result in the significant abatement of cerebral ischemia-induced injury and infarct size [13, 28] . Here, we demonstrate that the neuroprotective activity of naloxone, exerted through the inhibition of NF-κB, inhibits cortical neuron injury in a rat model of pMCAO. We have also detected similar NF-κB inhibition in the ischemic cortex in pMCAO rats using a compound containing ginkgolides A and B that significantly reduces infarct sizes [5] . It has been proposed that naloxone attenuates cytokine/chemokine Fig. 4 The protective effect of naloxone is associated with the inhibition of NF-κB activation by suppressing the NIK/IKKα pathway. a Excised ischemic penumbras were analyzed for the expression of the indicated proteins by immunoblot 12 h after naloxone treatment.
b-e Quantitative analysis of changes in the protein levels of IκBα, p-IKKα, p-IKKβ, and p-NIK. The data are normalized to the loading control GAPDH and are expressed as a percentage of that of the sham-operated animals (mean ± SEM, n = 3); * P < 0.05; ** P < 0.01; *** P < 0.001. ns not significant production during cerebral ischemia, an important property that is probably related to its NF-κB inhibition ability [4] .
In their inactive form bound to their specific inhibitors, IκB proteins and NF-κB dimers are retained in the cytoplasm but translocate to the nucleus in response to IKK complex activation [29] . Our results suggest that IKKα is highly phosphorylated during cerebral ischemia-induced injury in pMCAO rats. IKK has been found to be activated in mouse/rat models of MCAO and myocardial infarction, although the associated mechanisms are obscure [1, 30] . IKK phosphorylates NF-κB-bound IκBs and targets them for ubiquitin-dependent degradation, allowing the consequently liberated NF-κB dimers to Quantitative analysis of changes in Bcl-2 and Bax mRNA levels. The data are normalized to the loading control GAPDH and are expressed as a percentage of the levels in sham-operated animals. Mean ± SEM; n = 5 for each group; * P < 0.05; ** P < 0.01; *** P < 0.001. ns not significant Quantitative analysis of changes in the protein levels of cleaved caspase 9, cleaved caspase 3, and XIAP. The data are normalized to the loading control GAPDH and expressed as a percentage of the levels in sham-operated animals; mean ± SEM; n = 3; * P < 0.05; ** P < 0.01; *** P < 0.001. ns not significant enter the nucleus where they induce the expression of genes important for proliferation (such as cyclin D and proliferating cell nuclear antigen) and apoptosis suppression (Bcl-xL, Bcl-2, and cIAP) [31, 32] . The deletion of IKK and the selective small-molecule inhibition of IKK reduce injury and have a neuroprotective effect in a mouse model of MCAO, suggesting a potential role for IKK inhibitors in stroke therapy [16] . In our case, the neuroprotective activity of naloxone is dependent on IKKα inhibition, which then results in the accumulation of IκBα and subsequent retention of NF-κB in the cytoplasm.
IKKα activation is driven by the upstream kinase NIK, an interaction representing a novel site for pharmacological intervention in a number of inflammatory conditions involving NF-κB [16, 33] . Our current results confirm our earlier observation that in cerebral ischemic insult, p-NIK is upregulated in the ischemic cortex, indicating that NIK is activated [16] . The NIK-induced IKKα/ NF-κB2 pathway is a noncanonical NF-κB activation pathway that mediates the activation of the p52/RelB NF-κB complex, which regulates specific immunological processes [12, 14] . However, the role of the NIK/IKKα/NF-κB2 pathway in normal and ischemic brains has not been well defined. NIK may contribute to the activation of canonical NF-κB signaling [14] . By phosphorylating the IKKα subunit, NIK can activate the IKK complex, leading to IκBα degradation and NF-κB dimer (p50/p65) release [34] . The activation of the noncanonical pathway can also lead to the release of p50/p65 heterodimers for translocation into the nucleus [34] . Here, we demonstrated that naloxone treatment during cerebral ischemic insult interferes with NIK phosphorylation so that NIK activation is inhibited. Although the mechanism underlying the neuroprotective activity of naloxone could take several forms, our results strongly suggest that naloxone contributes to minimizing brain injury in cerebral ischemia by suppressing the NIK/IKKα/NF-κB pathway.
Apoptosis in neuronal degeneration after ischemic brain injury has been detected in animal models of stroke [2] . Increasing evidence demonstrates that the activation of the NF-κB signaling pathway contributes to neuronal apoptosis following cerebral ischemia [13] . NF-κB is thought to trigger the mitochondrial apoptotic pathway through regulating the Bcl-2/Bax ratio, which leads to cytochrome c release [35] . Mitochondria have been found to play a pivotal role in cerebral ischemic injury by releasing many apoptogenic mediators from the intermembrane space [24] . The Bcl-2 protein family is a central player in the regulation of apoptosis through the control of mitochondrial permeability. The Bcl-2 protein family comprises antiapoptotic proteins (Bcl-2, Bcl-xL, Mcl-1), proapoptotic proteins (Bax, Bak), and BH3-only proteins (Bim, Bad, Bid) [36] . The antiapoptotic protein Bcl-2 resides in the outer mitochondrial wall and lowers mitochondrial permeability by binding to membrane-inserted Bax monomers, thus preventing the functional oligomerization of Bax [22, 37] . In general, the relative ratio of Bcl-2 to Bax proteins signifies crucial cell apoptotic information [23] . It has previously been reported that naloxone exerts beneficial effects through preserving mitochondrial function, which manifests as a reduction in rat cerebral infarction [4] . We showed that naloxone increases the Bcl-2/Bax ratio, indicating an important antiapoptotic mechanism.
Cytochrome c is a well-conserved electron transport protein that is released from the mitochondrial intermembrane space through a channel formed by Bax in liposomes [3] . Cytochrome c binds to Apaf-1 and forms an activation complex with caspase 9 that triggers caspase 3 activation, eventually leading to apoptosis [38] . Our results demonstrate that naloxone reduced the cerebral ischemia-induced cytochrome c upregulation and caspase activation in the ischemic penumbra; these results are consistent with the Bcl-2/Bax ratio results. In addition to preventing the expression of apoptosis-related factors, naloxone also led to increased expression levels of XIAP, a member of the IAP protein family; these increased levels inhibit caspase 3 and caspase 9, thereby revealing the dual contribution of naloxone to inhibiting neuronal apoptosis [3] .
Taken together, our results show that naloxone has an important function in delaying neuronal death induced by ischemia. Our research provides evidence that the inhibition of NF-κB activation caused by naloxone might protect injured brains during cerebral ischemia. Additionally, naloxone appears to attenuate neuronal apoptosis by inhibiting the mitochondrial apoptotic pathway. Further investigation regarding the pharmacological significance of naloxone would support its effective use in the treatment of cerebral ischemia.
